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IN NONEQUILIBRIUM CONDITION 
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ABSTRACT 
 
The computer code FAST3D has been developed to calculate flow and sediment transport in open 
channels. In the code the flow field is calculated by solving the full Reynolds-averaged Navier-
Stokes equations with k-ε turbulence model; the bed-load transport is simulated with a non-
equilibrium model containing an important parameter the so-called non-equilibrium adaptation 
length, which characterizes the distance for sediment to adjust from a non-equilibrium state to an 
equilibrium state; the bed deformation is obtained from an overall mass-balance equation for sedi-
ment transport. The governing equations are solved numerically with a finite-volume method on an 
adaptive, non-staggered grid. The former model assumed uniform bed material. In order to take into 
account the influence of grain size distribution of the bed-surface on the evolution of the bed topog-
raphy and consequently also on the flow field, a sediment transport module has been presently de-
veloped at the Institute of Hydraulic Engineering, University of Innsbruck, Austria, for fractional 
sediment transport using a multiple layer model. This paper presents the numerical results for sedi-
ment sorting and the bed deformation in a curved alluvial channel under unsteady flow conditions 
according to Yen and Lee (1995). The calculations were compared with data from laboratory meas-
urements. Further, the sensitivity of the simulated results to the non-equilibrium adaptation length is 
investigated. 
 
 
1.   INTRODUCTION 
 
Most of the existing bed-load models employ an empirical relation for the equilibrium transport rate 
corresponding to the transport capacity of the flow; i.e., the bed-material load discharge is equal to 
the sediment transport capacity of the flow. However, equilibrium sediment transport does not exist 
for alluvial flow conditions, in which the spatial-delay and/or time-delay between sediment transport 
and water flows are considerable. Thus, using equilibrium bed-load models may lead to unrealistic 
morphological predictions. Further, an important assumption in most of the existing sediment trans-
port models is the uniformity of the bed material, where the sediment mixture is characterised by a 
single grain size, and this grain size is constant in space and in time. Applying this model to graded 
sediment transport may not always be adequate to simulate sediment behaviour correctly. The trans-
port rate of the coarse size-fractions may be different from the transport rate of the fine size-
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fractions: depending on the hydraulic and sediment boundary conditions some particle sizes may be 
eroded, while others may be deposited or may be immovable. Consequently the total transport rates 
of all grain sizes and the bed deformation rate may differ. 
The computer code FAST3D has been firstly developed at the Institute for Hydromechanics, 
University of Karlsruhe, Germany, to calculate flow and sediment transport in open channels. In the 
code, the flow field is calculated by solving the full Reynolds-averaged Navier-Stokes equations 
with k-ε turbulence model, and the bed-load transport is simulated with a non-equilibrium model, 
for which the concept based on the stochastic bed-load description of Einstein is applied. By this 
concept, the rate of sediment exchange between bed and flow is assumed proportional to the differ-
ence between the actual instantaneous sediment load and the equilibrium sediment load, and related 
to the so called non-equilibrium adaptation length, which characterizes the distance for sediment to 
adjust from a non-equilibrium state to an equilibrium state (Bui and Rodi, 2006). The governing 
equations are solved numerically with a finite-volume method on an adaptive, non-staggered grid. 
The former model assumed uniform bed material. For graded sediment, a sediment transport module 
has been presently developed at the Institute of Hydraulic Engineering, University of Innsbruck, 
Austria, using a multiple layer model with the so-called size-fraction method, in which, the bed is 
divided into an active layer and several substrate layers, and the bed material is divided into a num-
ber of size-fractions, each characterised by a certain diameter and by a volume percentage of occur-
rence in the bed material. As a result of computing sediment transport by size fraction, the grain 
sorting and the bed deformation can be approached. 
In the present paper, the computer model FAST3D is validated comparing the sediment sort-
ing and the bed deformation in curved alluvial channels under unsteady flow conditions. These ex-
periments have been carried out in the Hydraulic Research Laboratory of the National Taiwan Uni-
versity (see Yen and Lee, 1995). The experimental results have shown that the morphological proc-
esses were essentially affected by unsteadiness of flow. Thus, grain-sorting and bed deformation 
were likely to be affected by non-equilibrium sediment transport. A series of numerical experiments 
is carried out and the calculated results are compared with data from the laboratory measurements, 
in order to validate the developed model and to analyse the effects of the non-equilibrium bed load 
on the modelling of morphological processes in the channel. 
 
 
2.   MODEL SYSTEM 
 
The model system FAST3D consists of an unsteady hydrodynamic module, a sediment-transport 
module and a bed-deformation module. In the computer code, these modules communicate through 
a quasi-steady morphodynamic time-stepping mechanism: during the flow computation the bed level 
is assumed constant and during the computation of the bed level the flow and sediment transport 
quantities are assumed invariant to the bed level changes. The modules are linked together at the 
programming level. 
 
2.1  Hydrodynamic module 
 
For calculating the flow field, we assume that the flow is not influenced by the presence of sedi-
ments. This assumption is valid in most cases, where the concentration of suspended sediment is 
small and the bed-load layer thin. However, the sediments may have an indirect effect on the flow in 
that they may form ripples and dunes and hence roughness elements that change the boundary con-
ditions at the bed. This will be accounted for through the bed boundary conditions. With the above 
assumptions, the flow field is determined by the Reynolds-averaged continuity and Navier-Stokes 
  
3
equations for incompressible fluid, in which the turbulent stresses are calculated with the k-ε turbu-
lence model (Bui and Rodi, 2006) 
 
2.2  Sediment-transport module 
 
In the sediment transport module the so-called size-fraction method has been used, where the bed 
material is divided into a number of size-fractions, each characterised by a certain diameter and by a 
volume percentage of occurrence in the bed material (probability βj). For graded bed material the 
sediment-transport rates depend on the bed-material composition, which itself depends on the his-
tory of erosion and deposition rates. 
Changes in the bed composition are not only restricted to a layer, that is to the material ex-
posed to the flow, but that a finer sub-layer also forms under the coarser surface layer. To reproduce 
these features, multi-layer models have been proposed. In the multi-layer model the bed is divided 
into an active layer and several substrate layers. The active layer and the first substrate layer (active 
stratum) constitute the so-called mixing layer. Sediment particles are continuously exchanged be-
tween flow and the active layer. Sediment particles are exchanged between active layer and sub-
strate when the bed scours or fills. As erosion occurs, entrainment of sediment particles from the 
active layer and its ensuing downward displacement causes particles from substrate layers to be 
mixed with those in the active layer. On the contrary, deposition of sediment particles on the bed 
leads to an upward displacement of the active layer and the initiation of new substrate layers. 
In principle, the bed topography in a channel is related to the transport of both bed load and 
suspended load. In case of coarse-material bed, the influence of suspended load is relatively minor, 
whereas the bed load plays a major role. In the present study only the bed load is considered.  
The total bed load rate, Qb for graded sediment is computed using the formula: 
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where N = number of size classes; and Qb,j = capacity for each size fraction. In the code Qb,j for a 
particular fraction of graded sediment is computed by using the well-known bed load functions with 
some modifications accounting for the so-called non-equilibrium, gravity and hiding/exposure ef-
fects. Based upon the stochastic bed-load description of Einstein (1950), Tsubaki and Saito (1967) 
appear to be the first investigators who have applied the non-equilibrium concept to sediment trans-
port (see Phillips and Sutherland 1989). The rate of sediment exchange between bed and flow was 
assumed proportional to the difference between the actual instantaneous sediment load and the equi-
librium sediment load, and related to the so called non-equilibrium adaptation length, which charac-
terizes the distance for sediment to adjust from a non-equilibrium state to an equilibrium state. Sev-
eral investigators have already used this concept for non-equilibrium sediment transport modelling 
but have assigned significantly differing values for the adaptation length parameter and different 
bases for choosing these values (see Arminini and Di Silvio, 1988; Thuc, 1991; Wu, et al., 2004). 
Employing this concept and extending the one-dimensional non-equilibrium bed-load transport 
equation of Thuc (1991) to two dimensions yields: 
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where α bs ,α bn are direction cosines determining the components of the bed-load transport Q*b,j in 
the s and n direction, respectively.  This is the mass balance equation for bed-load sediment trans-
port in which all non-equilibrium effects are expressed through the model on the right hand side, 
assuming the effects to be proportional to the difference between non-equilibrium bed-load Q*b,j and 
equilibrium bed-load Qe,j and related to the non-equilibrium adaptation-length Ls. Both Qe,j and Ls 
are determined from empirical formulae. 
For the calculation of the bed-shear driven resultant bed-load Q*e,j various well-known empiri-
cal transport formulae e. g. van Rijn, Meyer-Peter Müller, Shields, Kalinske Frijlink, Fukuoka can 
be used (see Bui Minh Duc, 1998). After performing test calculations with different formulae, the 
formula of Meyer-Peter Mueller (1948) is chosen in this paper:  
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in which C = Chézy friction coefficient ; C90,j = grain related Chézy value; θj = fractional Shields 
parameter; θcr = critical Shields value ;  dm,j = fractional mean grain size; ρw = density of water; and 
ρs = density of sediment. 
Accounting for the down-slope gravitational effect on the magnitude of the transport by the 
multiplication factor in brackets there follows for the equilibrium bed-load transport in the main-
flow direction:  
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The equilibrium bed-load transport in the cross-stream direction, Qen , is calculated from a re-
lation developed at Delft Hydraulics (see Sekine et al., 1992):  
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in which β1, β2 = dimensionless coefficients of order one (a value of 1 was chosen in all calcula-
tions); U* = bed shear velocity ; and δ = angle between the direction of bed shear stress and main-
flow direction. The first term on the right-hand sides of equations (4) and (5) is due to the bed-shear 
stress, and the second term expresses the effect of gravity on particles on sloped beds.  
Generally, the non-equilibrium adaptation length Ls is related to the dimensions of sediment 
movements, bed forms, and channel geometry. In Bell and Sutherland's (1983) experiment of chan-
nel degradation due to clear water, the sediment transport was significantly influenced by the scour-
ing hole of the bed that developed with time, advancing downstream from the inlet. They proposed 
that the adaptation length is related to the magnitude of the scouring hole, and in turn is a function of 
time. If there are only ripples on the bed, which usually occur in experimental cases, the non-
equilibrium adaptation length for bed load may take the value of the average saltation step length of 
particles or the length of ripples. Phillips and Sutherland (1989) proposed another equation for the 
average saltation step length: 
 ( ) jcrjps dL ,50θθα −=  (6)
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where αp = constant ( as suggested by these authors, in the present paper the value of αp = 4000 was 
chosen). The average saltation step length of particles Ls can also be calculated from an empirical 
formula of van Rijn (1987):  
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where d50,j, d90,j = fractional grain sizes; g = gravitational acceleration ; ν = kinematic molecular vis-
cosity. If sand dunes are the dominant bed form, Ls may be taken as the length of sand dunes. Based 
on a large number of reliable flume and field data, Van Rijn (1984) has proposed the following ex-
pression for the bed-form length: 
 
hLs 3.7=  (8)
 
where h = water depth. Equation (8) indicates that the dune length is related only to the mean flow 
depth. This has also been reported by Yalin (1972).  
As mentioned above, different researchers have applied rather different values for the non-
equilibrium adaptation length Ls. Thuc (1991), Bui Minh Duc (1998), Wu et al. (2000) used the 
length of sand ripples on the bed as the value of the non-equilibrium adaptation length. Rahuel et al. 
(1989) and Fang (2000) adopted much larger values for Ls, such as the numerical mesh size or twice 
that size. Wu et al. (2004) chose the length of sand dunes as the value for the non-equilibrium adap-
tation length. One reason for the disparity is that Ls is closely related to the dimensions of the stu-
died sediment movements, bed forms, and channel geometry, which are usually markedly different 
in laboratory and field situations. In laboratory experiments, sediment transport processes occur at 
small scales with small bed-forms such as sand saltation with ripples and dunes, while in natural 
streams, sediment transport processes occur usually at larger scales and with longer periods. Another 
reason for the adoption of different values is that Ls is an important parameter for numerical stabili-
ty. In this paper the equations (6), (7) and (8) are used to test the effect of the non-equilibrium adap-
tation length Ls on the simulated results. 
In the processes of graded sediment movement, the coarser particles on the bed have a higher 
chance of exposure to the flow. The situation is reversed for the fine particles on the bed due to the 
fact that they are more likely sheltered by coarse particles. This effect is called hiding/exposure ef-
fect. These effects result in a smaller critical bed shear stress for larger grains and a higher critical 
bed shear stress for smaller grains. Until now, most of the studies on graded sediment transport are 
based on introducing some kind of correction factors to account for this hiding/exposure effect and 
use these factors to modify the existing formulas of uniform sediment transport. Mostly they are 
based on experimental results. The hiding/exposure factors not only correct the critical bed shear 
stress but may take also some other effects of gradation into account. In this paper the hid-
ing/exposure factor (ξj) is computed by using the following function proposed by Karim and Ken-
nedy, Holly et al. and others (see Holly and Odgaard, 1992): 
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in which  dM = mean grain size of the active layer. 
 
2.3  Bed-deformation module 
 
In this module the bed-level change due to the j-th fraction of sediment (∂Zb,j/∂t) is calculated from 
the mass balance equation: 
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where P = porosity of the bed material; and ,b iQ
r
= fractional bed load flux. The total bed deformation 
(∂Zb/∂t) is then determined by: 
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The key concept of multiple-layer modelling is that of a mixing-layer, where the flow picks up 
the sediment to be transported and receives the sediment that the flow is unable to transport. The 
active-layer can be reduced into finite elemental volumes, of thickness Em. The mass conservation 
for a size class j of particles in the active-layer volume is then:  
 
( ) ( ) ( ) 011 ,, =−∂∂−−∂∂− jFjbmj StZPtEP β  (12)
 
where SF,j = active-layer floor source term, which represents the exchange of sediment particles be-
tween the active-layer and the active-stratum control volumes due to active-layer floor movement. 
The mass of a particular size class j in the active-stratum control volume may change only due 
to active-layer movement, i.e. due to exchange of material between the active-layer and active-
stratum. This is expressed by a mass conservation equation for a particular size class in the active-
stratum control volume: 
 
( ) ( )[ ] 01 ,, =+∂ −∂− jFmbjs St EZP β  (13)
 
where βs,j = active-stratum size fraction j; Zb = bed elevation;  ( Zb – Em ) = active-layer floor eleva-
tion, i.e. active-stratum ceiling. 
The active-layer floor source term SF,j, again specific to the size class j, can be expressed using 
equation (13). When the active-layer floor descends, then:  
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gives the mass of the size class j, formerly comprising size fraction βs,j of the active-stratum control 
volume, which becomes part of the active-layer elemental volume. When the active-layer floor rises, 
then:  
 
( ) ( )
t
EZPS mbjjF ∂
−∂−≈ β1,  (15)
 
gives the mass of the size class j, formerly comprising size fraction βj of the active-layer elemental 
volume, which becomes part of the active-stratum control volume. 
The active-layer thickness Em is evaluated by an appropriate empirical concept of the depth of 
bed material which supplies material for bed load transport and suspended-sediment entrainment. 
Usually the active-layer thickness is related to the flow and sediment conditions, as well as the in-
stantaneous bed deformation. Throughout the last decades several formulas to calculate the active-
layer thickness have been proposed. However, all formulas were derived in a different way and a 
definition of the active-layer thickness based on physical processes in this layer has not been given 
yet. In the FAST3D model, the active layer thickness is assumed to be either constant or maximal 
value of the bed deformation at the current time step and the mean grain size. That means, the active 
layer thickness can be constant or changes with time and position. 
 
 
3.   CALCULATION RESULTS 
 
Experiments were conducted in the Hydraulic Research Laboratory of the National Taiwan Univer-
sity to study bed topography and transverse sediment sorting in an alluvial channel bend under un-
steady-flow conditions with non-uniform sediment, Yen and Lee (1995). The 180° channel bend had 
a rectangular cross-section with a radius of 4.0 m and a width of 1.0m. The bend was connected to a 
stilling basin, an upstream straight reach of 11.5m, a downstream straight reach of the same length, 
and a sediment settling tank. A layer of sand around 20cm thick, with median grain size of d50=1mm 
and initial standard deviation of sediment size gradation of σ0=2.5 was placed on the bed at the start 
of the experiment. Sand mixture was sorted into eight sizes with different average size-fractions 
showed in Tab.1, then used to compose a desired size gradation. The initial bed was flat with a slope 
of 0.2%. The water depth was controlled by a weir at the downstream end to produce roughly uni-
form flow along the bend with a base flow-discharge of 0.02m3/s and a base flow-depth (h0) of 
5.44cm. After this initial phase the flow was run at the several discharges with different unsteadiness 
characteristics. No sediment was supplied from upstream. Measurements of bed elevation were 
made at the end of the experiment. 
 
Table1:  Representative size classes of bed material 
 
Size class 1 2 3 4 5 6 7 8 
Mean grain size (mm) 8.52 4.76 3.36 2.00 1.19 0.84 0.42 0.25 
Fraction (%) 5.0 5.0 14.0 18.0 18.0 25.0 10.0 5.0 
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Figure1:   Hydrograph of experiments 
The experimental results have shown that the morphological processes were essentially af-
fected by unsteadiness of flow. Thus, grain-sorting and bed deformation were likely to be affected 
by non-equilibrium sediment transport.  
A numerical grid system of 154 grid points in the longitudinal direction, 23 grid points in the 
transverse direction and 9 points in the water-depth direction was used. For the simulations in the 
numerical model the procedure of the flume experiment mentioned above was adapted, i.e. the sedi-
ment transport simulation started after reaching steady and nearly uniform flow conditions at the 
base flow-discharge of 0.02m3/s. The development of the flow, grain-sorting and bed form was cal-
culated for two hydrographs with different unsteadiness characteristics (see Fig.1).  
Indeed, the computer model 
FAST2D with graded sediment 
transport module was applied in an 
earlier study (see Bui and 
Rutschmann, 2005) to calculate the 
bed deformation in this curved 
channel under the flow condition with 
moderate unsteadiness characteristic 
(Exp.4). In this application, the 
secondary flow transport effects were 
taken into account by adjusting the 
dimensionless diffusivity coefficient 
in the depth-averaged version of the 
k-ε turbulence model. A quasi-3D 
flow approach assuming a logarith-
mic velocity distribution was used to 
simulate the effect of secondary flows 
due to channel curvature on bed-load 
transport. Analysing the calculated results showed that the hiding/exposure factor and the active 
layer thickness can be used as parameters for model calibration. By adjusting the two above men-
tioned parameters in the graded sediment model the following selection of parameters was obtained: 
hiding/exposure factor formula (Eq.9) with α=0.5 and active layer thickness Em with constant value 
of 2.5cm. In general the agreement between the measurements and the predicted results was found 
to be satisfactory. These values of the two above mentioned parameters are used again in the follow-
ing 3D computations.  
For the present study the fully tree-dimensional model FAST3D with standard wall-function is 
used to calculate the resultant shear stress at the side walls. For calculation of the shear stress at the 
channel bed, the standard wall-function with the roughness function proposed by Cebeci and Brad-
shaw (1977) is applied (see Wu et al. 2000). This roughness function contains the roughness Rey-
nolds number, which in turn is related to the equivalent roughness height (or resistance coefficient) 
of the channel bed. The equivalent roughness height ks quantifies the influence of roughness ele-
ments such as bed materials and bed forms. For smooth beds, ks=0. For flat beds in laboratory expe-
riments, ks is usually set to the median diameter d50 of the bed material because there is only sand-
grain roughness on the bed. For flat beds in real rivers, ks should theoretically also be about d50, but 
in practice usually somewhat higher values are adopted (e.g., 3d90 by van Rijn, 1987). For sand-
wave beds, ks should be related to the height of the sand waves.  
In the model, we used the bed roughness to calibrate the flow model. The qualitative observa-
tions in the laboratory have shown that at the base flow discharge 0.02m3/s no sediment transport 
occurred and the flow was roughly uniform along the bend. The calculations were made first for this 
baseflow discharge. The values of the equivalent roughness height ks were adjusted in order to get 
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using Eq.6 
 
using Eq.7 
 
using Eq.8 
 
 
Figure 2:  Computed distribution of non-equilibrium 
adaptation length at peak of hydrograph of Exp.1 
 
good agreement between the numerical results and qualitative observations. Here the value ks=3.5dM 
was selected. In the following morphological calculations a modification of the linear approach pro-
posed by van Rijn (1987) is used for specifying the resistance coefficient, where the equivalent 
roughness height is the sum of grain roughness and bed-form roughness. The grain roughness has 
the selected value and the bed-form roughness is a function of the resulting dune-height und dune-
length (see Bui Minh Duc, 1998).      
Further, a series of calculations was 
carried out using different approaches of 
non-equilibrium adaptation length. Fig.2 
presents the calculated distributions of 
non-equilibrium adaptation length Ls due 
to various prescription methods in the 
channel at the peak of hydrograph 
(T=60min) for the case with strong un-
steadiness characteristics (Exp.1). The 
numbers on the contour lines indicate Ls 
values in m. It can be seen, rather differ-
ent values for Ls result from the different 
methods. Assuming Ls to take on a value 
of the average saltation step length of 
particles, the maximum values of 
Ls=0.23m and Ls=0.03m are obtained 
with equations (6) and (7) respectively in 
the domain with maximal bed shear stress 
(between sections 300 and 400). Assuming 
the non-equilibrium adaptation length to 
take on the length of bed-forms (Eq.8), 
the maximum value is Ls=1.01m in the 
area with maximal water depth.  
Fig.3 shows the calculated distribu-
tions of the bed deformation along the 
channel at the end of Exp.1 (T=180min). 
The numbers on the contour lines indicate 
ratios of final bed change ∆Zb to initial 
base flow-depth h0. The calculated results 
of bed configuration can be seen to be 
rather sensitive to the value of the non-
equilibrium adaptation length. It was 
found that in the case of omitting the non-
equilibrium approach (Eq.2), numerous 
ripples form on the bed in the area be-
tween sections 700 and 1050 and in the 
area at the exit from the bend. This calcu-
lated sand-wave bed form is not qualita-
tively similar to that observed in the labo-
ratory at the end of the experiment. Using 
the non-equilibrium approach (Eq.2), 
qualitatively better results were obtained. 
The most conspicuous features of the bed 
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topography in the fluvial curved channel bend were obtained. They are the point bar along the inner 
bank, and the accompanying relatively deep scour hole along the outer bank. With the non-
equilibrium adaptation length formula proposed by Phillips and Sutherland (Eq.6), the calculated 
results agree best with the measurements, so that the further calculations were carried out only with 
this formula. 
 
 
 
 
Measurement 
 
 
Non-equilibrium model with Eq.6 
 
Non-equilibrium model with Eq.7 
 
Non-equilibrium model with Eq.8 
 
Equilibrium model 
 
 
 
 
Figure 3: Computed and measured contours of 
    bed deformation at end of Exp.1 
 
 
In curved channels, the secondary currents are produced from the lateral gradients in pressure 
and bed form. Further, there will be some interaction or coupling of these two mechanisms. Fig.4 
shows the predicted contours of streamwise velocity and the calculated vectors of secondary flow at 
the end of Exp.1 at the sections 90° and 180°, where maximum deposition and maximum scour oc-
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cur. The secondary flow and high longitudinal velocity in the outer-bank region results in maximum 
scour depth and intensive transverse grain sorting in this area. In the inner-bank region the water 
velocity is lower. However, due to the secondary flow finer particles are transported from the outer-
bank region to the inner-bank one. Consequently, the high proportion of finer particles is found in 
the inner-bank region. 
Fig.5 shows the distribution of the measured and calculated mean grain size at the end of 
Exp.1. The numbers on the contour lines indicate ratios of final to initial mean grain size. As can be 
seen, the values of this ratio increase from inner bank towards outer bank. The model shows qualita-
tively good agreement between the calculated distribution of grain sorting and measurements.  
 
 
  
 
Figure 4: Predicted contours of streamwise velocity and vectors of secondary flow 
at profiles 900 and 1800  at end of Exp.1 
 
 
 
 
 
Non-equilibrium model with Eq.6 
 
 
Measurement 
 
Figure 5: Predicted and measured contours of median grain size at end of Exp.1 
 
 
Using the above calibrated model parameters, further calculations were carried out for the 
other flow condition with moderate unsteadiness characteristic (Exp.4). Fig.6 and 7 show the distri-
bution of the measured and calculated bed deformation and mean grain size at the end of the ex-
periment (T=300min). As can be seen again, the model shows qualitatively good agreement between 
the calculated results and measurements.  
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Non-equilibrium model with Eq.6 
 
 
Measurement 
 
Figure 6: Predicted and measured contours of bed deformation at end of Exp.4 
 
 
 
 
 
Non-equilibrium model with Eq.6 
 
 
Measurement 
 
Figure 7: Predicted and measured contours of median grain size at end of Exp.4 
 
 
4.   CONCLUSIONS 
 
The FAST3D computer code using a finite volume method with boundary-fitted grids to calculate 
flow and sediment transport in alluvial channels was developed for fractional sediment transport. A 
multiple layer model was used to simulate bed composition changes. The influence of grain-size dis-
tribution on the bed-load, the bed development and consequently also the flow field was taken into 
account. The model was applied to calculate the sediment sorting and the bed deformation in curved 
alluvial channels under unsteady flow conditions.  
The predictions have been compared with data from the laboratory measurements and proto-
type observations of Yen and Lee (1995). Analysing the calculated results showed that omitting the 
non-equilibrium approach, the model could not produce good results for the case with strong un-
steadiness characteristics. The model results depend on the modelling of the non-equilibrium term 
and hence on the value of the non-equilibrium adaptation length. Using the non-equilibrium ap-
proach the main features of grain-sorting and bed change were generally well reproduced. With the 
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non-equilibrium adaptation-length formula proposed by Phillips and Sutherland, who relate Ls to the 
saltation step length of the sediment particles, the calculated results agreed best with the measure-
ments. As further test cases, the model should be validated by application to other laboratory and 
real river flow situations with graded sediment bed materials.  
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